Abstract Volatile organic compounds (VOCs) in plants are involved in aroma and pest resistance. These compounds form a complex mixture whose composition is specific to species and often to varieties. Despite their importance as essential factors that determine peach fruit quality, understanding of molecular, genetic, and physiological mechanisms underlying aroma formation is limited. The aim of this study was the identification in peach of quantitative trait loci (QTLs) for fruit VOCs to understand their genetic basis using an F1 population of 126 seedlings deriving from the cross between "Bolero" (B) and "OroA" (O), two peach cultivars differing in their aroma profile. Dense single nucleotide polymorphism (SNP) and SSR maps covering the eight linkage groups of the peach genome were constructed by genotyping with the International Peach SNP Consortium peach SNP array v1, and data for 23 VOCs with high or unknown "odor activity value" were obtained by gas chromatography-mass spectrometry analysis of fruit essential oil in the years 2007 & Genomes (2013) 9:189-204 DOI 10.1007 QTLs were identified, most consistent in both years. QTLs were identified for the 23 VOCs studied, including three major QTLs for nonanal, linalool, and for p-menth-1-en-9-al stable in both years. Collocations between candidate genes and major QTLs were identified taking advantage of the peach genome sequence: genes encoding two putative terpene synthases and one lipoxygenase (Lox) might be involved in the biosynthesis of linalool and p-menth-1-en-9-al, and nonanal, respectively. Implications for marker-assisted selection and future research on the subject are discussed.
Introduction
Understanding the genetic and molecular bases of volatile organic compounds (VOCs) emitted by the peach fruit helps to describe the peach aroma, an essential component of fruit quality. Furthermore, specific volatile molecules implicated in aroma also contribute to pest resistance (Laothawornkitkul et al. 2009 ). Knowledge of the mechanisms underlying VOC production could also be useful for the food and fragrance industry (Tholl and Rose 2006) .
Genetic dissection of aroma in plants is difficult due to the polygenic nature of the trait, the number of compounds involved, and the analytical methods used in VOC quantification. Improved genotyping capacity (Agarwal et al. 2008 ) and VOC quantification methods (Tholl and Rose 2006) are now enabling the application of quantitative trait loci (QTL) analysis to aroma components. Several studies have addressed the identification of QTLs for VOCs in Rosaceae species as apple (Zini et al. 2005; Dunemann et al. 2009; Rowan et al. 2009a) , rose (Spiller et al. 2010) , and strawberry (Zorrilla-Fontanesi et al. 2012) and in other plant species including tomato (SalibaColombani et al. 2001; Tadmor et al. 2002; Mathieu et al. 2009; Zanor et al. 2009 ), grape (Doligez et al. 2006) , melon (Obando-Ulloa et al. 2008) , rice (Amarawathi et al. 2008) , eucalypt (Henery et al. 2007 ; O' Reilly-Wapstra et al. 2011) , and tobacco (Julio et al. 2006) . Conversely, no QTLs underlying peach fruit aroma have been reported.
Aroma formation in peach fruit is a dynamic process involving variations in the concentrations of VOCs depending on ripening stage and pre-and post-harvest conditions and genotype. Peach VOCs have been found in skin and flesh, where around 100 compounds have been identified (Aubert et al. 2003) . Of these, about 25 determine the typical peach aroma (Eduardo et al. 2010) : particularly γ-and δ-decalactone play a key role in association with C 6 compounds, aldehydes, aliphatic alcohols, esters, norisoprenoids, phenylpropanoids, and terpenes (Horvat et al. 1990) . Key genes associated with aroma production have been described in few plants, including strawberry and apple (Schwab et al. 2008; Mathieu et al. 2009; Battilana et al. 2011; Dunemann et al. 2011; Zorrilla-Fontanesi et al. 2012 ), but little is known in peach.
Peach breeding programs have traditionally focused on traits such as fruit size, appearance, firmness, post-harvest behavior, productivity, resistance to biotic and abiotic stress, and ease of tree training. In strawberry and "Greek basil" few generations of breeding were sufficient to induce the loss of some VOCs, when these were not positively selected (Olbricht et al. 2008; Koutsos et al. 2009 ).
Peach breeding is hampered by a juvenile phase of 2 to 3 years, a short blossoming time, and the reduced genetic variability of elite germplasm (Scorza et al. 1985) . Despite these constraints, small genome size and high level of homozygosity make peach a reference species for the identification, characterization, and cloning of important genes in the Rosaceae (Shulaev et al. 2008) . A range of genomic tools, including molecular markers, genetic maps, EST libraries, the genome sequence, and recently a 9,000 SNP array have been developed for this species Arús et al. 2012; Verde et al. 2012 ; http://www.rosaceae.org/peach/genome). Because of the high degree of transferability of molecular markers among Rosaceae (Gasic et al. 2009 ), peach breeding programs can be facilitated by combining desirable alleles from different accessions or other Prunus species (Dirlewanger et al. 2004a ). Linkage maps from peach varietal crosses have been developed (Dirlewanger et al. 1998; Lu et al. 1998; Sosinski et al. 1998; Yamamoto et al. 2001; Gillen and Bliss 2005; Blenda et al. 2007; Eduardo et al. 2011) , along with maps deriving from crosses between almond, peach, apricot, cherry, Prunus davidiana, Prunus cerasifera, and Prunus ferganensis (Dirlewanger et al. 1996 (Dirlewanger et al. , 2004b Dettori et al. 2001; Aranzana et al. 2003; Foulongne et al. 2003a) . Moreover, in these species, the results of several QTL studies have been reported Dirlewanger et al. 1999; Quarta et al. 2000; Etienne et al. 2002; Foulongne et al. 2003b; Quilot et al. 2004; Ogundiwin et al. 2009; Eduardo et al. 2011) . These studies have often been limited due to the low marker density and the lack of markers in some linkage groups. To circumvent these problems, the International Peach SNP Consortium (IPSC) developed an Illumina 9,000 SNP array that can be applied to the analysis of both biparental populations and germplasm collections .
In this paper, we report the first identification of peach genomic regions controlling the variability of fruit VOCs. QTL analysis was performed in a cross between two peach cultivars differing in their aroma profiles, "Bolero" (B) and "OroA" (O) , integrating genotyping information obtained with the 9,000 peach SNP array and phenotypic data from gas chromatography-mass spectrometry (GC-MS) analysis of fruit essential oil. Candidate genes for three major VOC QTLs are proposed, based on sequence analysis of the corresponding genomic regions.
Materials and methods

Plant material
The progeny assessed in this study is an F 1 comprising 126 seedlings obtained from a cross between the melting peach cultivar Bolero (B) and the non-melting peach cultivar OroA (O), chosen for their distinct fruit flavor . Trees located in the CRPV (fruit trees research unit "Mario Neri") orchards in Castel S. Pietro (Emilia Romagna, northern Italy) were planted on their own roots, with spacing of 1 m within and 4 m between rows and trained as slender spindle (one stem with short lateral scaffolds). Pruning was performed yearly and standard cultural practices applied. Fruits were thinned before pit hardening to a load of only 30-40 fruits per tree according to vigor, in order to allow a full expression of fruit size not limited by competition.
Aroma compound analysis
Phenotypic evaluation was repeated over 2 years (2007 and 2008) . Each year, 20 fruits per tree were harvested at commercial maturity based on visual color change and manual evaluation of firmness. A slice was cut from each of the ten most uniform fruits obtaining 150 g total of fruit pieces (comprising flesh and skin), to which 200 ml of dichloromethane (Sigma, Italy) was added immediately after cutting. Dichloromethane allows to elute the hydrophobic molecules and to avoid oxidation processes (Tava et al. 2009 ). Samples were stored at 4°C in the dark until steam distillation was performed.
Samples were steam-distilled for 1 h at 100°C in a Clevenger apparatus with distilled water followed by solvent separation at room temperature of the volatile organic fraction, with 20 ml dichloromethane and 50 ml diethyl ether. One milliliter of each 3-methyl cyclohexanone (0.161 mg ml −1 ) and 4-nonanol (0.077 mg ml −1 ) was added as internal standards before the distillation started. The organic phase was concentrated in a rotary evaporator using a heating bath at 37°C, dried over anhydrous NaSO 4 to reach a final volume of 100 μl, and stored at −20°C until chromatographic analysis. Gas chromatography-flame ionization detector (GC-FID) analysis was carried out using a Perkin Elmer Clarus 500 gas chromatograph equipped with a 30 m×0.32 mm i.d. Elite-5MS (5 % diphenyl/95 % dimethyl polysiloxane) capillary column (0.5 μm film thickness). Samples (0.5 μl) were injected with a column temperature program of 40°C for 3 min, increasing to 300°C at 4°C/min and finally held at this last temperature for 5 min. Injector and detector were set at 300 and 320°C, respectively. The carrier gas was helium with a head pressure of 12.0 psi.
GC-MS analyses were carried out using a Perkin Elmer Clarus 500 gas chromatograph equipped with a Clarus 500 mass spectrometer, using the same capillary column and chromatographic conditions as for the GC-FID analyses. Mass spectra were acquired over the 40-500 amu range at 1 scan/s, with ionizing electron energy of 70 eV and ion source at 200°C. The transfer line was set at 300°C and the carrier gas was helium at 1.0 ml/min. All measurements were performed in triplicate.
The identification of the essential oil components was performed using their retention indices; mass spectra by comparison with the NIST database mass spectral library (NIST/EPA/ NIH Mass Spectral Database, Version 2.1, Perkin-Elmer Instrument LLC), published mass spectra 21, and authentic reference compounds (Sigma Aldrich, Italy). Retention indices were calculated using an n-alkane series (C6 to C32) under the same chromatographic conditions. Quantification was conducted using internal standards equivalents and response factors calculated from standard curves prepared with authentic compounds. A calibration factor curve, simulating compound behavior and recovery rate during distillation process, concentration, and column run, was obtained for the principal classes of compounds that better describe peach aroma. The calibration curve was obtained performing a triple series of distillations of authentic reference compounds at different concentrations (0.5×, 1×, 2×, 3×, and 4×) while the internal standards were kept at the same concentration (1×) in all samples. A calibration curve and equation were obtained for aldehydes, C6 compounds, esters, lactones, long chain hydrocarbons, benzaldehyde, phenylacetaldehyde, eugenol, and β-ionone. Quantification for acids, terpenes, and miscellaneous compounds was performed as direct comparison with internal standards peaks.
Using GC-FID and GC-MS analysis, we identified 49 VOCs in and 57 in 2008 (Eduardo et al. 2010 . Only the 23 VOCs that were identified in both years and with a high or unknown "odor activity value" (OAV) according to Eduardo et al. (2010) were considered in QTL analysis. Data analysis R version 2.7.1 [R Development Core Team (2008) . R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org] was used to produce histograms of the different traits and to calculate the correlation coefficients between traits and between years.
SNP genotyping
The BxO F1 progeny was genotyped using the recently developed Illumina 9,000 SNP array v1 for peach ) to further saturate the genetic map described in Eduardo et al. (2011) . Four SNPs located in candidate genes were also genotyped using KASPar technology (see candidate gene mapping section).
For 9,000 SNP array genotyping, DNA was extracted with the DNAeasy 96 Plant kit (Qiagen) and diluted to 50 ng/μl. Genotyping was performed at IASMA Research and Innovation Centre (San Michele all'Adige, Italy) following the manufacturer's recommendations as described in Verde et al. (2012) . SNP data were scored using GenomeStudio Data Analysis software (Illumina Inc.) using a GenCall threshold of 0.15. SNPs with GenTrain score<0.6 and those showing severe segregation distortion (χ 2 test, p<10
) and more than 1 % of missing data were excluded from further analyses.
Linkage mapping
Genetic linkage analysis and map constructions were performed with JoinMap 4.1 (Van Ooijen 2011). Three maps (B map, O map, and BxO map) were produced for the BxO cross, one for each parent and one for the linkage groups that could be integrated (double pseudo-test cross strategy). Grouping was performed using independence LOD with groups presenting a LOD score between 4 and 10. Map construction was performed using the multipoint maximum likelihood based algorithm. Linkage groups nomenclature was according to the Prunus reference map (TxE) (Dirlewanger et al. 2004a ).
QTL analysis
QTL analysis was carried out by MAPQTL software v.6.0 (Van Ooijen 2009) using the B, O, and BxO maps described in the linkage mapping results. After a Shapiro-Wilk test, we found eight VOCs presenting normal distributions in one (E-2-hexenyl acetate, nonanal, 6-pentyl-α-pyrone, γ-decalactone, γ-dodecalactone, eugenol, unidentified1, and unidentified2) or both years (E-β-damascenone); therefore, we decided to analyze QTLs using both interval mapping (IM) and the non-parametric Kruskal-Wallis rank-sum test (K-W). A QTL was considered significant when presented LOD >3 in the IM or a stringent significance level of p<0.005 in the K-W analysis, as suggested by Van Ooijen (2009) . In one case, we also considered a QTL that showed significance in one year and levels very close to significance in the other year (e.g., the phenylacetaldehyde QTL detected on linkage group B6 in year 2008 with LOD 2.63). In the present study, a major QTL is defined as explaining more than 20 % of the phenotypic variability in both years.
Candidate gene mapping
SNPs were identified in the sequences of the candidate genes based on B and O genomic resequencing information (International PeachGenome Initiative, The genome sequence of peach, a key diploid tree species, reveals unique patterns of genetic diversity, domestication and genome evolution, unpublished). SNPs identified in the terpene synthases candidate genes ppa003380m and ppa002670m were genotyped using KASPar technology (KBiosciences, UK) and integrated into BxO genetic maps (B, O, and BxO). SNP assays were designed by KBioscience (UK) and genotyping was carried out at the PTP Genomics Platform following the standard KASPar protocol on an ABI 7900 Real Time PCR system (Applied Biosystems, Italy).
Phylogenetic analysis of peach LOX proteins
Peach protein sequences annotated as lipoxygenases in the peach genome were downloaded from the Phytozome database (http://www.phytozome.org). LOX protein sequences from other plant species were retrieved from Han et al. (2011) . Multiple protein sequence alignment and phylogenetic analysis was performed using MEGA4.0 software (http://www.megasoftware.net/).
Results
Linkage maps
Out of 8,144 SNPs from the 9,000 peach array, 2,744 did not pass the filtering criteria and 3,652 were homozygous in both parents; therefore, they were discarded from the analysis. A total of 1,453 SNPs in B, 229 SNPs in O, and 66 SNPs in both B and O were detected as heterozygous. We combined this dataset with the available genotypes of the SSR markers described in Eduardo et al. (2011) , and with the genotypes obtained for the four SNPs from the terpene synthases candidate genes ppa003380m and ppa002670m. Preliminary linkage analysis showed a very high number of markers that cosegregated in clusters. To reduce the datasets (B, O, and BxO) for QTL analysis, we included in the final maps one marker for each cluster. The selected datasets recover the maximum number of recombination events that could be detected with the available genotypes.
The B, O, and BxO linkage maps are reported in Supplementary Materials (SM1). The B map is composed of 231 markers distributed in nine linkage groups (B1.1, B1.2, B2, B3, B4, B5, B6, B7, and B8) spanning a total genetic distance of 405 cM and covering 67 % of the physical distance of the peach genome (scaffolds 1 to 8). The groups B1.1 and B1.2 both correspond to G1 from the Prunus reference map, but it was not possible to integrate them in the same group. Interestingly, in the case of B3, there were two SSR markers segregating, while no SNPs could be found. The two SSR markers that form the B3 map, MA031 and AMPA101, are located in scaffolds 14 and 10, respectively, in the peach genome sequence.
The O map is composed of 87 markers distributed in five linkage groups (O1, O2, O3, O5, and O7) spanning a total genetic distance of 228.5 cM and covering 17 % of the physical distance of the peach genome (scaffolds 1 to 8). No heterozygous markers were found for linkage groups corresponding to G4, G6, and G8 of the Prunus reference map.
The BxO map is composed of 123 markers distributed in three linkage groups (BxO2, BxO5, and BxO7) spanning a genetic distance of 199.6 cM and covering 27 % of the physical distance of the peach genome (scaffolds 1 to 8). Given the availability of only two markers segregating in both parents (one SSR and a cluster of SNPs), B1 and O1 maps could not be properly integrated.
In general, marker order was in agreement with the peach genome sequence v1.0 (www.rosaceae.org) with few exceptions. We only found ten small inversions of adjacent SNP markers and two SNP markers located in B2 (IGA_461045 and IGA_458918) that are physically located on scaffold 4 in the peach genome. In the case of the latter two SNPs, this inconsistency is explained by a mis-assembly in the peach genome sequence (International PeachGenome Initiative, The genome sequence of peach, a key diploid tree species, reveals unique patterns of genetic diversity, domestication and genome evolution, unpublished).
Compared to the SSR-based maps previously produced for the BxO cross ), these newly constructed linkage maps considerably increase marker saturation and genome coverage, providing an ideal basis for QTL dissection in this intraspecific population.
Distribution and correlations of fruit VOCs in two parents and in their F 1 progeny
In this paper, we focus our analysis on 23 fruit VOCs that could be identified in both years of analysis (2007 and 2008) and representing high-impact compounds in peach. Fifteen VOCs, hexyl acetate, Z-3-hexenyl acetate, nonanal, γ-octalactone, 6-pentyl-α-pyrone, γ-decalactone, δ-decalactone, γ-dodecalactone, 3-methylbutanoic acid, benzaldehyde, phenylacetaldehyde, eugenol, linalool, E-β-damascenone, β-ionone, and E,E-2,4-decadienal, have already been described as high-impact compounds in peach due to their OAV (Eduardo et al. 2010) . Eight more VOCs, E-2-hexenyl acetate, E-3-nonen-2-one, chavicol, p-menth-1-en-9-al, squalene, unidentified1, and unidentified2, were included in the analysis, since their odor thresholds were not available and OAVs could not be estimated and they could not be excluded as high-impact compounds participating to peach aroma. . Similar values between parents were found for hexyl acetate, nonanal, γ-octalactone, and benzaldehyde, with differences lower than 25 %. In the F 1 progeny, esters and compounds derived from leucine and phenylalanine were lower in 2008, while C9 compounds, γ-dodecalactone and β-ionone, were higher. Correlation of the concentrations of the same VOCs between years was low (Table 1) , with only nonanal and linalool showing significant r values (Spearman) of 0.29 and 0.40, respectively. p-Menth-1-en-9-al also showed a positive, although not significant, value of 0.23.
Correlations between different VOCs were significant in both years for several compounds. This was the case for the three esters, hexyl acetate, Z-3-hexenyl acetate, and E-2-hexenyl acetate. Nonanal values were correlated with those of linalool and p-menth-1-en-9-al. E-3-nonen-2-one was correlated with lactones (except δ-decalactone), chavicol, and E, E-2,4-decadienal. Lactones concentrations were correlated with each other, as well as with those of chavicol, E, E-2,4-decadienal, and two unidentified compounds. 3-Methylbutanoic acid correlated with chavicol and β-ionone values, while chavicol with E,E-2,4-decadienal and the unidentified number 1. The concentrations of the two unidentified compounds were highly correlated with each other.
The distribution of concentration values of each VOC in the F 1 progeny was similar in the 2 years (2007 data are reported in Fig. 1 ). The distribution of concentration values in the F 1 progeny was different depending on the VOC considered: some VOCs were present in all progenies, e.g., nonanal, while others were found only in some seedlings, such as linalool. Furthermore, VOCs with a bimodal distribution were noted (the case of p-menth-1-en-9-al), while others, as benzaldehyde and nonanal, had a distribution skewed towards low or high values.
In the same year, transgressive segregation, i.e., progenies with values not included in the interval defined by the two parents, was observed for all VOCs, except for δ-decalactone and 3-methylbutanoic acid.
QTL analysis
A total of 72 QTLs were detected using IM and K-W analysis on the three maps B, O, and BxO (Table 2) . When QTLs for a specific VOC were detected in the same chromosomal regions (with overlapping confidence intervals) in both years, they were considered to coincide. On this basis, the initial 72 QTLs can be summarized into 43 unique QTLs for 23 different VOCs: among them 29 (>67 %) were consistent over the 2 years of phenotypic analysis and 14 were evident only in 1 of the 2 years. Between one and four QTLs were detected for each VOC. Out of the total 72 QTLs, 40 were detected with both IM and K-W analysis, while three QTLs were only detected using IM. A total of 29 QTLs were only detected using K-W: of these, 13 had a LOD score in the IM between 2 and 3, and 16 had a LOD score in the IM lower than 2. Six QTLs were detected using the integrated BxO map but not in the B and O parental maps. QTLs were mapped to linkage groups 4, 5, 6, and 7 on the B map; 2, 3, and 7 on the O map; and 2, 5, and 7 on the BxO map (Fig. 2) . Most of them (52) were detected using the B map, 8 using the O map, and 12 using the BxO map. QTLs in the B map were grouped in three main clusters. The first cluster is located at the beginning of B4, where major QTLs for nonanal (belonging to the aldehyde class), linalool, and p-menth-1-en-9-al (belonging to the terpene class) were identified in both years. Also in this cluster, a minor QTL for benzaldehyde was identified in both years, but significant in K-W analysis only. The second cluster is located at the end of B4, where QTLs were identified for one ester (E-2-hexenyl acetate), one C9 compound (E-3-nonen-2-one), four lactones (γ-octalactone, γ-decalactone, γ-dodecalactone, and 6-penthyl-α-pyrone), one phenylalanine-derived compound (chavicol), one terpenic compound (E-β-damascenone), and the two unidentified compounds. All of them were detected in both years except for γ-dodecalactone. The third cluster of QTLs is located in B6, where QTLs were detected for one C9 compound (E-3-nonen-2-one), four lactones (γ-decalactone, δ-decalactone, γ-dodecalactone, and 6-penthyl-α-pyrone), one leucine-derived compound (3-methylbutanoic acid), three phenylalanine-derived compounds (benzaldehyde, phenylacetaldehyde and chavicol), one terpenic compound (squalene), and one C13 norisoprenoid (β-ionone) and E,E-2,4-decadienal. All of them were detected in both years except for γ-decalactone, benzaldehyde, squalene, and β-ionone. Also in the B map, a repeatable QTL for phenylacetaldehyde was detected at the very south of B7 and three minor QTLs detected only in 1 year, one for β-ionone in B7 and two in B5 for benzaldehyde and eugenol. Only linkage groups with QTLs are presented. VOCs names are the same used in the text or in the tables and are followed by the year in which they were detected
In the O map, repeatable QTLs were detected for 6-penthyl-α-pyrone in O2 and for hexyl acetate in O7. QTLs were detected in O3 for γ-octalactone, γ-decalactone, γ-dodecalactone, and chavicol, but only for 1 year.
In the BxO map, repeatable QTLs were detected for 6-penthyl-α-pyrone in BxO2, for benzaldehyde in BxO5, and for phenylacetaldehyde and for E-β-damascenone in BxO7. Non-repeatable QTLs were detected in BxO2 for Z-3-hexenyl acetate and E-3-nonen-2-one, in BxO5 for eugenol and in BxO7 for δ-decalactone.
Candidate genes and QTL collocations
The detected QTLs were compared to the map position of fruit quality and aroma-related genes present in the Prunus reference map (Illa et al. 2011 ) and annotated in the peach genome sequence (www.rosaceae.org) to identify potential candidate genes.
We identified two terpene synthases (ppa002670m and ppa003380m) located in tandem within 7 kb of each other on scaffold 4 and potentially involved in the major QTLs for linalool and p-menth-1-en-9-al. In addition, a lipoxygenase (Lox) gene (ppa001082m) was identified as putatively implicated in the major QTL for nonanal at the beginning of G4. The reader is referred to the "Discussion" for further details regarding terpene synthase and Lox genes as candidates.
To obtain more evidence for these collocations, we searched for SNPs in candidate gene sequences, using B and O genomic resequencing information (International PeachGenome Initiative, The genome sequence of peach, a key diploid tree species, reveals unique patterns of genetic diversity, domestication and genome evolution, unpublished). Two SNPs in each terpene synthase candidate gene were identified, genotyped in the BxO population, and included in the map dataset. Three out of the four SNPs mapped (SNPs S4_1420538 and S4_1420689 in ppa002670m; SNP S4_1413937 in ppa003380m) caused amino acid variation in the N-terminal region of the protein sequence. Positions, allele variations, annotations, and amino acid changes of the SNPs are reported in Supplementary Materials (SM3). QTL analysis supports the possible involvement of these terpene synthase genes in controlling linalool accumulation, as they both co-map with the QTL peak ( Table 2) .
Candidate gene ppa001082m belongs to the Lox multigene family. The lypoxigenase pathway has been shown to yield aldehydes from fatty acids (Schwab et al. 2008) . To gain further insight into the possible involvement of this CG in nonanal accumulation, a phylogenetic analysis of the peach LOX family was conducted. In the peach genome reference sequence, the Lox gene family comprises 15 annotated genes. Phylogenetic analysis of inferred amino acid sequences along with other known plant LOXs grouped seven and eight peach Lox genes within the 13-LOX and 9-LOX groups, respectively. Results are reported in Supplementary Materials (SM4). Peach LOX ppa001082m, ppa001085m, ppa001064m, and ppa000968m, ppa001634m, ppa001631m and ppa001316m clustered within the 9-LOX group. Conversely, peach LOXs ppa026489m, ppa001207m, ppa001216m, ppa017962m, ppa001016m, ppa001287m, ppa001293m, and ppa001311m clustered within the 13-LOXs group. Hence, the candidate gene ppa001082m was part of the 9-LOX group. Neither SNPs nor deletion/ insertion polymorphisms could be identified in the 5′-and 3′-UTRs, and in the coding sequence of this Lox gene.
Discussion
Linkage mapping
Genotyping with the IPSC 9,000 SNP array has allowed to greatly and efficiently increase saturation and coverage of the SSR-based maps previously developed for the BxO population . After testing 344 Prunus SSRs, only 81 and 47 were heterozygous in B and O, respectively. The phenomenon of low coverage of the genome and lack of polymorphic markers in some linkage groups was interpreted as an indication of extensive genome homozygosity, suggesting a case of "identity by descent" within the genomes of B and O . Although there are still some linkage groups where no markers could be mapped (e.g., in O), the use of SNP markers allowed us to recover the new linkage group B6 (59.2 cM) and create integrated maps BxO2, BxO5, and BxO7, which were not present in our previous study . Lack of markers on O4, O6, and O8 may be due to the already mentioned identity by descent or ascertainment biases in the SNPs represented in the array (Nielsen et al. 2004; Albrechtsen et al. 2010) . Availability of genomic resequencing information from B and O (International Peach Genome Initiative 2012) will help to discriminate between these possibilities.
In some cases, we found regions covered by SSR markers and not by SNPs and vice versa. For example, two SSRs were mapped on B3, but no SNPs were positioned on this linkage group. These SSRs (MA031a, AMPA101) were previously assigned to linkage group 3 by genetic mapping (Howad et al. 2005; Dirlewanger et al. 2004b) , and in the peach genome sequence they are associated to scaffolds 10 and 14. In the peach 9,000 SNP array, there are only 19 SNPs that are not located in the eight main scaffolds corresponding to the eight chromosomes . These considerations may help to explain the particular situation of B3. In the case of the distal part of BxO5, coverage with SSR markers only may reflect the ascertainment bias of the SNP panel used for the peach 9,000 array. Surprisingly, the map of linkage group B6 includes a high number of SNPs, but only one SSR. Here again, genomic resequencing information from B and O (International PeachGenome Initiative, The genome sequence of peach, a key diploid tree species, reveals unique patterns of genetic diversity, domestication and genome evolution, unpublished) may help to understand the distribution of polymorphisms along this linkage group and the lack of coverage from SSR markers. In conclusion, the use of both SNP and SSR markers seems appropriate to obtain maximum coverage in peach intraspecific maps.
Peach fruit VOCs correlations, segregation, and QTL analysis Statistical analyses of fruit VOC levels revealed low correlations of VOC values between years, a variety of patterns of inheritance, a number of VOCs presenting transgressive segregation in the progeny with respect to the parents, major QTLs for some VOCs, and clustering of QTLs underpinning VOCs from the same chemical family. Similar observations have been reported in apple (Dunemann et al. 2009; Rowan et al. 2009b) , strawberry (Olbricht et al. 2008; Zorrilla-Fontanesi et al. 2012) , rose (Spiller et al. 2010) , and in non Rosaceae species, such as tomato (Tadmor et al. 2002; Zanor et al. 2009 ), grape (Doligez et al. 2006), and eucalypt (O'Reilly-Wapstra et al. 2011) .
The low correlations observed for fruit VOC concentrations between years are consistent with previous reports and most probably reflect the high variation in environmental conditions of the field. Dunemann et al. (2009) showed that apple parental cultivars had varying quantities of VOCs in three consecutive years. In strawberry, some VOCs were highly variable depending on the time of harvest, while others were constant (Olbricht et al. 2008) . Despite this year-to-year variability, >67 % of the QTLs in the present study were recovered in both years. This is in line with results recently reported for a similar study in strawberry, where 50 % of QTLs were reproducible over 2 or 3 years of phenotypic analysis (Zorrilla-Fontanesi et al. 2012) . The fact that correlations are low, but significant, is due to the fact that although there are some individuals that present very different phenotypes in the different years, most of the individuals present a correlation strong enough to produce significant QTLs. A possible explanation for this is that different individuals are affected by the environment in different ways indicating the presence of GxE interaction. Another possible explanation is that there are small QTLs that are on the limit of detection, and depending on environmental effects, they are significant in 1 year and not in the other.
Interestingly, a significant correlation was found between different VOCs from the same biochemical pathway in both years. For example, the three esters, hexyl acetate, Z-3-hexenyl acetate, and E-2-hexenyl acetate, all deriving from the lipoxygenase pathway (Schwab et al. 2008) , showed significant pairwise correlations in 2007 and 2008. Lactones were also correlated with each other. Although the pathway or the enzymes involved in the biosynthesis of lactones have not been clarified (Schwab et al. 2008 ), a role for epoxide hydrolases has been proposed (Schottler and Boland 1996) suggesting that a common mechanism may underlie the synthesis of these compounds. The concentrations of the two unidentified compounds were also highly correlated: considering their highly similar mass spectra (Eduardo et al. 2010) and their slight difference in elution time, it is likely they are isomers. The correlations are consistent with the existence of few genomic regions controlling the levels of most of the investigated VOCs and with the clustering of QTLs for the same compound class. A similar pattern has been observed in apple and was explained as the result of tight linkage between distinct loci or pleiotropic effects of a single locus (Dunemann et al. 2009 ). Clustering of QTLs controlling VOCs with similar chemical structure was also found in Arabidopsis (Lisec et al. 2008) , tomato (Zanor et al. 2009 ), and very recently in strawberry (Zorrilla-Fontanesi et al. 2012 ). In our case, it remains to be established whether the observed QTL clusters correspond to a tight linkage between distinct loci, to genes acting upstream in the respective VOC metabolic pathways or are due to other pleiotropic effects. For example, the QTLs detected at the south end of the linkage group 4 could be due to pleiotropic effects of a major maturity date QTL mapped in the same position as it has been proposed for other fruit quality traits .
Transgressive segregation was common for the VOCs analyzed except for δ-decalactone and 3-methylbutanoic acid. In tomato, transgressive segregation was also observed for VOCs but not for primary metabolites (Zanor et al. 2009 ). The variety of patterns of inheritance found in this work was also described in VOC analyses in strawberry (Olbricht et al. 2008; ZorrillaFontanesi et al. 2012 ) and apple (Dunemann et al. 2009 ). The case of linalool, where approximately 50 % of the individuals accumulate no linalool or very low levels (less than 10 % of the maximum value), was interpreted as the result of mixed qualitative and quantitative inheritance. In species as Mentha and Thymus, it has been suggested that monoterpene composition was influenced by a combination of Mendelian inheritance and complex epistatic interactions, and in other species, major gene control was suggested for different terpenes (O'Reilly-Wapstra et al. 2011) . Similarly, mixed qualitative and quantitative inheritance was proposed by other authors for the genetic control of external color of peach fruit, when considering some progenies segregating 1:1 for partial red or no red to full red (Beckman and Sherman 2003; Beckman et al. 2005 ) and others with a 3:1 segregation. These results could be interpreted as deriving from the segregation of a single gene. This could also be the case for the major linalool QTL on B4, as individuals that were homozygous for the closest marker showed no linalool or very low levels of it. Thus, a locus mapping in the distal region of linkage group 4 is proposed to control presence or absence of linalool and additional genetic and/or environmental factors condition variation of concentration among linalool-producing seedlings.
Collocation of major QTLs and candidate genes
Linalool is an acyclic alcohol monoterpene contributing to the aroma of fruits and leaves of several plant species, including citrus fruits (Kelebek and Selli 2011; Eduardo et al. 2010) . In peach, the presence of linalool can discriminate peach cultivars by their origin (Wang et al. 2009 ). In this work, a major QTL for linalool was detected in the distal part of linkage group 4. In this same region, two terpene synthases have been identified cosegregating with this QTL. Despite the substantial degree of amino acid sequence similarity among plant monoterpene and sesquiterpene synthases, similarity may depend more on taxonomic affinities of the species from which the gene was isolated rather than from the type of products formed (Degenhardt et al. 2009 ). Because of this, it is very difficult to predict the final product of a terpene synthase gene simply based on its sequence. Both terpene synthases present in the peach genome scaffold 4 (ppa002670m and ppa003380m) exhibit high similarities with linalool synthases, but significant levels of similarity are also detected with nerolidol, limonene, and 1,8-cineole synthases (data not shown). Linalool synthase is a terpene synthase and it was the first floral enzyme responsible for scent to be isolated and characterized (Cseke et al. 1998) . In basil, a 1-bp insertion in the (R)-linalool synthase gene, resulting in a frameshift mutation, causes differences in the amount and types of terpenes produced by different cultivars (Iijima et al. 2004) . Similar results were obtained in snapdragon flowers, where two nearly identical terpene synthases catalyze the formation of nerolidol and linalool, respectively (Nagegowda et al. 2008) .
p-Menth-1-en-9-al was first isolated in Rosa damascena, and, as other oxygenated p-menthanes, was proposed to be a product of the photoxidation of limonene (Overton 1971) . Limonene is a cyclic terpene possessing a strong smell of oranges; therefore, both terpene synthases mentioned above could also be candidate genes for the major p-menth-1-en-9-al QTL.
Nonanal is an aldehyde reported as an odor active compound in orange (Kelebek and Selli 2011) . In the same genomic region hosting the monoterpene QTLs in the distal part of linkage group 4, a major QTL affecting nonanal concentration collocated with a 9-Lox candidate gene (ppa001082m). LOX activities have been identified in a wide range of organisms, tissues, and developmental stages and have been implicated in a variety of processes including regulation of plant development, fruit ripening, plant senescence, disease, and pest resistance (Kolomiets et al. 2001; Zhang et al. 2006; Chen et al. 2004) . The role of the LOX pathway in the biosynthesis of fruit aroma compounds has already been reported for tomato (Kausch and Handa 1997) , olive (Salas et al. 2000) , bell pepper (Matsui et al. 1997) , apple (Rowan et al. 1999) , citrus fruit (Gomi et al. 2003) , and strawberry (Perez et al. 1999) . LOX proteins are classified into two groups depending on their ability to oxygenate the carbon chain at position 9 (9-LOX) or 13 (13-LOX). Although the direct involvement of LOX has not yet been demonstrated in the case of nonanal production, 9-LOX can use linolenic and linoleic acids as substrates for the synthesis of structurally similar volatile aldehydes, such as 3Z, 6Z-nonadienal (Schwab et al. 2008) .
Implication for aroma MAS in peach
The results presented in this paper support the use of MAS for some VOCs. For example, selection of the appropriate allelic configurations of molecular markers at the distal region of linkage group 4 may assist identification of seedlings lacking or producing linalool and exhibiting higher or lower nonanal and p-menth-1-en-9-al concentrations. However, transferability of the identified markers to other populations should be verified. Analyses of other crosses segregating for other VOCs, compared to the ones considered here, will also be important for a better understanding of the genetic basis of peach fruit aroma. Our results suggest that it will be difficult to predict segregation patterns based on parental concentrations values, although an exception has been reported recently: Brandi et al. (2011) showed that the presence of norisoprenoids depends on carotenoid concentration and is thus associated with flesh color. VOC QTL analysis could be carried out in the progeny of a cross between yellow and white flesh cultivars to verify these results. If this is true, efficient MAS for flesh color could also be used to select plants with high or low levels of norisoprenoids. An additional target is the further dissection of lactone accumulation. An interesting starting material for this could be the cultivar "Romagna Big" that was shown to lack lactones in the fruit (Eduardo et al. 2010 ).
Conclusions
We report for the first time the identification of QTLs for VOCs in peach. To this end, we used the recently developed Illumina 9,000 SNP array platform to produce dense genetic maps, substantially increasing genome coverage compared to the existing SSR-based maps of the BxO cross . Despite being based on a single biparental population and in spite of the complexity of this trait, the results provide a first insight into the genetic determinants of volatile composition in this important fruit species. Three major QTLs for three different VOCs were mapped in the same chromosomal region, and candidate genes were identified by analysis of gene annotations from the corresponding genomic sequence. Importance of this region in VOC variation can be validated analyzing other peach populations and germplasm collections and using different techniques for volatile quantification. These data could open opportunities for aroma MAS in peach. Further work is also required to establish the relevance of linalool, nonanal, and p-menth-1-en-9-al in peach aroma perception. The significance of these and other VOCs could be assessed by means of sensory experiments, using panel tests to determine their involvement in the perception of peach aroma by humans.
